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Abstract: Bruton’s tyrosine kinase (BTK) is a key signaling molecule involved in both
hematological malignancies and solid tumors. In B-cell malignancies such as chronic
lymphocytic leukemia (CLL) and non-Hodgkin lymphoma (NHL), BTK mediates B-cell
receptor signaling, promoting tumor survival and proliferation, leading to the development
of BTK inhibitors like ibrutinib that improve patient outcomes. In solid tumors, BTK
isoforms, particularly p65BTK, contribute to tumor growth and therapy resistance, with
inhibition showing promise in cancers like colorectal, ovarian, and non-small cell lung
cancer. BTK also influences the tumor microenvironment by modulating immune cells such
as myeloid-derived suppressor cells and tumor-associated macrophages, aiding immune
evasion. BTK inhibition can enhance anti-tumor immunity and reduce inflammation-driven
tumor progression. Additionally, BTK contributes to tumor angiogenesis, with inhibitors
like ibrutinib showing anti-angiogenic effects. Beyond cancer, BTK is linked to aging, where
its modulation may reduce senescent cell accumulation and preserve cognitive function.
This review explores BTK’s dual role, focusing on its oncogenic effects and potential impact
on aging processes. We also discuss the use of BTK inhibitors in cancer treatment and their
potential to address age-related concerns, providing a deeper understanding of BTK as a
therapeutic target and mediator in the complex relationship between cancer and aging.

Keywords: BTK; cancer; aging; senescence; inflammaging

1. Introduction

Bruton’s tyrosine kinase (BTK) is a non-receptor cytoplasmic tyrosine kinase that plays
a critical role in the development, activation, and survival of B cells [1,2]. Encoded by the
BTK gene, it is a key component of the B-cell receptor (BCR) signaling cascade, mediating
downstream pathways such as phospholipase C gamma 2 (PLCy2), phosphatidylinositol-
3-kinase (PI3K)/Akt, and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-B) [3,4]. These pathways regulate essential processes like B-cell proliferation, differ-
entiation, and survival, underscoring BTK's indispensable role in adaptive immunity [5].
Beyond its classical role in B cells, BTK also contributes to innate immunity by regulating
Toll-like receptor (TLR) signaling, inflammasome activation, and Fc receptor-mediated
responses in macrophages and dendritic cells [4-6]. This broad immunological involvement
highlights BTK as a central mediator in immune homeostasis and response [6].

BTK exhibits a dual nature as both a pro-tumorigenic factor and a therapeutic tar-
get [7,8]. Its overactivation has been implicated in the pathogenesis of various hematological
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malignancies, including chronic lymphocytic leukemia (CLL) and mantle cell lymphoma
(MCL) [9,10]. In these cancers, BTK drives oncogenic signaling that supports tumor cell
survival and proliferation [5,9]. The advent of BTK inhibitors such as ibrutinib has revolu-
tionized the treatment landscape for B-cell malignancies [11]. Ibrutinib, a first-generation
covalent BTK inhibitor, irreversibly binds to Cys481 in the ATP-binding domain of BTK,
effectively blocking its activity [2]. Second-generation inhibitors like acalabrutinib were
subsequently developed to improve specificity and reduce off-target effects [12]. These
inhibitors have demonstrated remarkable efficacy in clinical settings, replacing traditional
chemoimmunotherapy regimens for certain hematological cancers [10].

Interestingly, recent studies have expanded the oncogenic role of BTK beyond hema-
tological malignancies to include solid tumors such as breast cancer, glioblastoma, and
colorectal cancer [5]. Aberrant expression of BTK isoforms in these cancers has been linked
to enhanced tumorigenesis through mechanisms such as immune modulation within
the tumor microenvironment (TME), promotion of cancer stemness, and resistance to
chemotherapy [13]. For example, ibrutinib has shown promising preclinical activity in
solid tumors by targeting both tumor cells directly and immunosuppressive components
within the TME [13,14]. These findings suggest that BTK may serve as a broader oncogenic
driver than previously recognized.

In addition to its role in cancer biology, BTK is increasingly associated with aging-
related processes [15,16]. Chronic inflammation and immune dysregulation hallmarks
of aging [17], and they are influenced by BTK activity [18]. For instance, BTK regulates
inflammatory cytokine production via TLR signaling and inflammasome activation, con-
tributing to “inflammaging”, a state of persistent low-grade inflammation observed during
aging [15]. This suggests that targeting BTK could have therapeutic potential not only for
cancer but also for mitigating age-related immune dysfunctions.

This review aims to provide a comprehensive exploration of the multifaceted roles of
BTK in cancer and aging. By examining its contributions to oncogenesis and immune regu-
lation, we aim to elucidate the therapeutic implications of targeting BTK. Understanding
this kinase’s dual role may pave the way for innovative strategies to address malignancies
and age-related conditions alike.

2. BTK in Cancer
2.1. Role of BTK in Hematological Malignancies

BTK is a critical player in the development and function of B cells, especially through
its role in the B-cell receptor (BCR) signaling pathway [19,20]. The BCR signaling cascade
is crucial for normal B-cell development, activation, and survival, and it becomes dysregu-
lated in various hematological malignancies, particularly those involving B cells [21]. BTK
functions as a key mediator in the BCR signaling pathway, where it activates downstream
signaling molecules like phospholipase C gamma 2 (PLCy2), phosphatidylinositol-3-kinase
(PI3K), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B), which
regulate crucial processes like cell survival, proliferation, and differentiation [7,11,22]. Aber-
rant BTK signaling contributes significantly to the pathogenesis of B-cell malignancies,
where it drives cancer cell proliferation, survival, and resistance to apoptosis [23].

In CLL, a common B-cell malignancy, BTK is overactivated due to mutations or
continuous stimulation through the BCR [24]. These mutations result in increased survival
of malignant B cells, contributing to the progression of CLL [25]. CLL cells show enhanced
BCR signaling and BTK-dependent survival signals [10]. As a result, therapeutic strategies
targeting BTK have gained significant traction in recent years. Similarly, BTK is also
implicated in various subtypes of non-Hodgkin lymphoma (NHL), such as mantle cell
lymphoma (MCL) and diffuse large B-cell lymphoma (DLBCL) [26,27]. In these cancers,
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BTK signaling is crucial for the survival and growth of malignant B cells [27]. In particular,
MCL is often driven by constitutively activated BCR signaling, with BTK playing an
essential role in the activation of downstream survival pathways [9]. Overactivation of
BTK can lead to uncontrolled proliferation and resistance to cell death.

The development of BTK inhibitors has revolutionized the treatment of hematological
cancers, especially in diseases like CLL and MCL [28]. Ibrutinib, the first-generation BTK
inhibitor, irreversibly binds to the cysteine residue (Cys481) in the ATP-binding pocket of
BTK, inhibiting its kinase activity and blocking BCR signaling. This leads to reduced B-cell
proliferation, survival, and migration, thereby significantly improving patient outcomes in
CLL and other B-cell malignancies [28,29]. Clinical trials have demonstrated that ibrutinib
significantly enhances both progression-free survival (PFS) and overall survival (OS) in pa-
tients with CLL, including those with high-risk genetic features like TP53 mutations [30,31].
The RESONATE-2 study, which followed patients for up to 10 years, showed a sustained
PFS benefit with ibrutinib compared to chlorambucil, with a median PFS of 8.9 years
for ibrutinib versus 1.3 years for chlorambucil [32]. Although RESONATE-2 excluded
patients with del(17p), which often correlates with TP53 mutations, ibrutinib has shown
effectiveness in patients with other high-risk features such as del(11q) and unmutated
IGHV [32]. Additionally, analyses have indicated that using ibrutinib as a first-line treat-
ment reduces the risk of death compared to delaying its use until second-line treatment.
Overall, these findings highlight the efficacy of ibrutinib in managing CLL across various
risk profiles [31,32].

Subsequent generations of BTK inhibitors, such as acalabrutinib and zanubrutinib,
have been developed to enhance selectivity and reduce off-target effects [33]. Acalabrutinib
is a more selective inhibitor of BTK, showing lower rates of adverse effects such as atrial fib-
rillation compared to ibrutinib, while maintaining similar efficacy in CLL and MCL [33,34].
Zanubrutinib has shown comparable efficacy and safety profiles to ibrutinib, with a more
favorable pharmacokinetic profile, offering an alternative to patients intolerant to other
BTK inhibitors [33,35]. The development of these drugs has provided patients with safer
and more effective treatment options.

2.2. BTK in Solid Tumors

The overproduction of BTK isoforms, especially p65BTK, has been recognized as a
major oncogene in several solid tumors, such as colorectal cancer (CRC), non-small cell lung
cancer (NSCLC), and ovarian cancer [36,37]. The p65BTK isoform has been identified as a
potent oncoprotein that interacts with the RAS/MAPK pathway, driving tumor progression
and drug resistance [36]. Studies have shown that p65BTK is highly expressed in colorectal
cancer tissues and cell lines, as well as in more than 50% of NSCLC cases [36]. Furthermore,
its inhibition using BTK-targeting drugs like ibrutinib has demonstrated efficacy in reducing
tumor growth and overcoming resistance to standard chemotherapy and targeted therapies
in these cancers [5].

Ovarian cancer has one of the highest recurrence rates among gynecological can-
cers, ranging from 60% to 85%, with a significant likelihood of developing drug
resistance [38—40]. Elevated expression of the p65BTK isoform of BTK has been identi-
fied as a critical factor in therapy resistance, correlating with early relapse and reduced
PFS [41,42]. This makes p65BTK a promising prognostic biomarker and therapeutic target.

Studies using in vitro (cell lines) and ex vivo (patient-derived xenografts and dis-
sociated cancer cells) models have demonstrated that BTK inhibitors, such as ibrutinib,
significantly suppress ovarian carcinoma cell proliferation and survival [43]. Notably, ibruti-
nib has shown greater efficacy in reducing cancer cell survival compared to standard-of-care
(SOC) treatments like carboplatin, paclitaxel, and bevacizumab [44,45]. This highlights



Kinases Phosphatases 2025, 3, 10

4of 16

the potential of targeting p65BTK as a therapeutic strategy for ovarian tumors resistant to
conventional therapies.

In CRC, the isoform p65BTK is highly expressed through a unique mechanism involv-
ing hnRNPK-dependent and IRES-driven translation from mRNA containing an alternative
first exon in the 5 untranslated region (UTR) [46]. This expression is further modulated
by post-transcriptional regulation via the mitogen-activated protein kinase (MAPK) path-
way, with hnRNPK playing a pivotal role [46,47]. p65BTK exhibits robust transforming
activity that is critically dependent on ERK1/2, a key downstream effector of the MAPK
pathway. Inhibiting ERK1/2 not only abrogates the transforming activity of p65BTK but
also eliminates RAS-mediated oncogenic effects [37]. In colon cancer tissues, p65BTK
overexpression is strongly correlated with ERK1/2 activation, and disrupting this path-
way significantly impairs the growth and survival of colon cancer cells [46]. Moreover,
blocking p65BTK can re-sensitize drug-resistant colon cancer cell lines, organoids, and
xenografts to 5-Fluorouracil, highlighting its potential as a novel therapeutic target for
CRC treatment [47,48]. Moreover, studies by Basile et al. [47] have demonstrated that
p65BTK is particularly overexpressed in Stage III CRC, where it serves as an unfavorable
prognostic factor.

Recent studies have highlighted p65BTK as a promising therapeutic target in NSCLC,
particularly in KRAS-mutated /EGFR-wild type adenocarcinomas [36,49]. p65BTK is sig-
nificantly overexpressed in EGFR-wild type adenocarcinomas from non-smoker patients,
with its expression preserved at metastatic sites [49,50]. This isoform is more prevalent in
adenocarcinomas than squamous carcinomas and is associated with KRAS mutations and
components of the RAS/MAPK pathway [36]. The expression of p65BTK is also observed
in tumor-infiltrating lymphocytes (TILs), suggesting a broader role in the tumor microen-
vironment [49-51]. BTK inhibitors including ibrutinib, AVL-292, and RN486 have shown
efficacy in reducing cancer cell viability and impairing proliferation and clonogenicity in
NSCLC models [46].

BTK isoforms p80 and p65 are newly identified oncogenic factors in head and neck
squamous cell carcinoma (HNSCC), differing from the typical 77 kDa BTK found in im-
mune cells. Both isoforms, produced from the same mRNA, are expressed in HNSCC
tumors and cell lines [52]. BTK-p80 is mainly found in primary tumors, while BTK-p65 is
highly expressed in about 83% of metastatic cases, linking it to metastasis. Inhibiting BTK,
through drugs or genetic methods, reduces tumor growth by blocking cell proliferation,
inducing cell cycle arrest, apoptosis, and autophagy, and impairing angiogenesis. BTK
also regulates NF-«kB and inflammatory cytokines, influencing tumor behavior. Reduced
methylation in HNSCC may trigger BTK-p80/p65 expression. Targeting BTK offers a
promising therapeutic approach to halt both tumor progression and metastasis in HNSCC
patients [52].

BTK has also been suggested as a prognostic marker for poor survival in glioma
patients [53,54]. In this context, high BTK expression is associated with increased glioma
cell proliferation, migration, and invasion [54]. Significantly, this study shows that the BTK
inhibitor ibrutinib can effectively inhibit glioma cell growth by inducing G1 cell-cycle arrest
and modulating key cell cycle regulators [54]. Moreover, ibrutinib blocks EGFR-induced
NF-«B activation, which is crucial for glioma cell survival and proliferation [54].

A significant number of clinical trials have been launched, and many are still ongoing
to investigate the potential of BTK inhibitors in treating solid tumors [5,29]. For example, the
ongoing NCT03525925 pilot study is assessing how the BTK inhibitor ibrutinib influences
myeloid-derived suppressor cells and other immune cell populations in patients with
metastatic solid tumors, though results from this trial are not yet available. Another trial,
NCTO03379428, evaluated the combination of ibrutinib and trastuzumab in patients with
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HER2-amplified metastatic breast cancer. While this Phase I/1I study found the regimen
to be tolerable, it did not meet the anticipated clinical benefit rate in patients previously
treated with T-DM1, indicating that this combination offers limited efficacy for this patient
population and highlighting the need for continued research into more effective therapeutic
strategies [29].

3. The Role of BTK in TME Modulation

BTK plays a critical role in the modulation of the TME, influencing both immune and
stromal components. While BTK is essential for B-cell development, it is also expressed in
various myeloid cells, including myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs), which are central to the TME and contribute significantly
to immune suppression and tumor progression [55,56]. These immune cells activate key
signaling pathways, such as the NLRP3 inflammasome and NF-«kB, that regulate inflam-
mation and immune responses [56,57]. Through these pathways, BTK-activated MDSCs
and TAMs promote an immunosuppressive environment that facilitates tumor growth and
immune evasion [58,59].

MDSCs, in particular, contribute to immune suppression in the TME by producing
immunosuppressive factors like arginase-1, indoleamine 2,3-dioxygenase (IDO), nitric oxide
(NO), reactive oxygen species (ROS), and pro-inflammatory cytokines such as IL-10 and
TGEF- [50,56,60]. These factors create an environment that inhibits the effective functioning
of tumor-fighting immune cells, allowing the tumor to evade immune surveillance [37].
Moreover, BTK is involved in the production of pro-inflammatory cytokines like tumor
necrosis factor-alpha (TNF-) in response to lipopolysaccharide (LPS) stimulation, further
contributing to the inflammatory milieu within the TME [59]. This cytokine production
supports tumor progression by enhancing inflammation, which can promote tumor cell
survival, proliferation, and metastasis [59].

In addition to its role in cytokine production, BTK also modulates the microRNA
expression profile in myeloid cells, which further influences inflammation in the TME [58].
Specifically, BTK inhibition has been shown to reduce the levels of pro-inflammatory mi-
croRNAs, such as miR-155-5p, which is known to target negative regulators of immune
responses [58]. The downregulation of miR-155-5p helps to attenuate pro-inflammatory
signaling in myeloid cells, reducing the production of cytokines that perpetuate inflam-
mation [58]. Simultaneously, BTK inhibition increases the levels of anti-inflammatory
microRNAs, such as miR-223-3p [58], which plays a key role in limiting excessive inflam-
mation by promoting a more regulatory, anti-inflammatory phenotype in immune cells [61].
This shift in the microRNA landscape from pro-inflammatory to anti-inflammatory mark-
ers fosters a more balanced immune response, which could have significant therapeutic
implications in the context of tumor-associated inflammation [58,61].

By reprogramming myeloid cells towards a less pro-inflammatory phenotype, BTK
inhibitors can help mitigate the chronic inflammation commonly associated with tumor
progression [5,50]. Tumor-associated inflammation is well-established as a driver of cancer
biology, contributing to tumor growth, metastasis, immune evasion, and resistance to
therapy [29,62,63]. Therefore, the ability to modulate the inflammatory response through
BTK inhibition presents a promising strategy for controlling inflammation in the TME
and enhancing the effectiveness of cancer therapies. This approach could lead to better
clinical outcomes in cancers characterized by inflammation-driven immune suppression
and poor prognosis.

In various cancer types, including pancreatic cancer, inhibition of BTK has been shown
to restore T-cell-mediated anti-tumor immunity [55]. BTK inhibition reduces immunosup-
pressive signals, enabling T cells to more effectively target and attack tumor cells [64]. For
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example, in pancreatic ductal adenocarcinoma (PDAC), BTK inhibition with ibrutinib has
been shown to reprogram TAMs from a T(H)2 to a T(H)1 phenotype, thereby enhancing
CD8+ T-cell cytotoxicity and inhibiting tumor growth [65]. Beyond TAMs, BTK inhibition
also affects other immune cells, such as MDSCs and dendritic cells, which are known
to express BTK [65]. Modulating the immune microenvironment in this way improves
anti-tumor responses by boosting T-cell function and reducing the immunosuppressive
actions of myeloid cells [65]. Consequently, BTK inhibitors offer a promising strategy to
not only reduce inflammation but also enhance the immune system’s ability to fight cancer,
improving overall therapeutic efficacy.

4. BTK Impact on Tumor Angiogenesis

Tumor angiogenesis refers to the formation of new blood vessels within a tumor,
supplying it with oxygen and nutrients essential for growth and metastasis [66—68]. This
process is pivotal for cancer progression, as tumors cannot grow beyond 1-2 mm3 without
an adequate blood supply [69-72]. Hypoxia and nutrient deprivation in the tumor microen-
vironment trigger the release of pro-angiogenic factors such as VEGF, which initiate this
process [72].

Recent studies have highlighted the significant role of Bruton’s tyrosine kinase (BTK)
in tumor angiogenesis [52,73]. For instance, Betzler et al. demonstrated that BTK inhibition
disrupts tumor angiogenesis in vivo [52]. Similarly, Liu et al. found that ibrutinib, a BTK
inhibitor, acts as an angiogenesis inhibitor in ovarian and breast cancers by inducing en-
dothelial cell dysfunction [73]. Furthermore, additional studies in breast cancer confirmed
that ibrutinib significantly inhibits tumor angiogenesis by suppressing the expression of
key pro-angiogenic factors such as VEGE, MMP9, and CXCL1, which are critical regulators
of angiogenesis [74]. This growing body of evidence underscores BTK’s potential as a
therapeutic target in anti-angiogenic cancer treatments.

5. Tumoricidal Effects of BTK Inhibition

In recent years, BTK inhibitors (BTKi) have garnered significant attention as potential
therapeutic agents in treating malignancies, particularly hematological cancers like CLL,
MCL, and Waldenstrom’s macroglobulinemia [75]. More recently, the anti-tumor potential
of BTK inhibitors has been extended to solid tumors, sparking considerable interest in their
broader applicability [75,76].

BTK inhibitors exert their tumoricidal effects through multiple mechanisms. The most
direct mechanism is the disruption of BCR signaling [76,77]. In many B-cell malignancies,
aberrant activation of BCR signaling leads to tumor cell survival, proliferation, and resis-
tance to apoptosis [23]. BTK inhibition directly interrupts this signaling cascade, leading
to decreased tumor cell viability and increased apoptosis [53,78]. Importantly, the use of
BTKi has shown promising results in targeting both the tumor cells themselves and the
supportive tumor microenvironment [5].

BTK inhibitors also modulate immune responses, which can have an indirect but pow-
erful anti-tumor effect [24]. By inhibiting BTK, these agents impact the function of immune
cells, such as T cells and macrophages, that play pivotal roles in anti-tumor immunity [79].
For example, BTK inhibitors have been shown to enhance T-cell activity, improving the
immune system’s ability to target and destroy tumor cells [24,79]. Additionally, BTKi can in-
fluence the macrophage-mediated inflammatory response in the tumor microenvironment,
potentially reducing immune suppression that facilitates tumor growth [9,76].
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5.1. Ibrutinib

Ibrutinib, the first-in-class BTK inhibitor, has shown significant therapeutic benefits in
hematologic malignancies, particularly in CLL and MCL, where the BCR pathway plays a
central role in tumor survival [23,28]. Clinical trials have shown that ibrutinib treatment
leads to prolonged progression-free survival and, in some cases, complete remission,
underscoring its tumoricidal potential in these cancers [28].

Emerging studies have also investigated the role of ibrutinib in solid tumors [5]. Pre-
clinical evidence suggests that ibrutinib can reduce tumor growth and enhance therapeutic
responses when combined with other treatments, such as immune checkpoint inhibitors or
chemotherapy [5,36]. For example, ibrutinib has demonstrated efficacy in preclinical mod-
els of breast, lung, and prostate cancers by directly inhibiting tumor cell proliferation and
modulating the tumor microenvironment [5,36,55]. Additionally, ibrutinib has been shown
to restore chemosensitivity in drug-resistant cancer cells and reduce the clonogenicity of
cancer stem cells in colorectal cancer and ovarian cancer [29,43,44,73].

5.2. Acalabrutinib

Acalabrutinib, a second-generation Bruton tyrosine kinase (BTK) inhibitor, has demon-
strated significant anti-tumor activity in B-cell malignancies and shows promise in solid
tumors [80]. Acalabrutinib, with its improved specificity and reduced off-target effects
compared to first-generation inhibitors including ibrutinib, offers a safer and more effective
therapeutic option [81]. Clinically, acalabrutinib has demonstrated high overall response
rates (ORRs) and improved PFS in patients with relapsed/refractory CLL and MCL [82,83].
Acalabrutinib was approved by the FDA in 2019 for the treatment of relapsed /refractory
MCL and CLL [83].

Recent studies suggest that acalabrutinib may have anti-tumor effects in various solid
tumors, including glioblastoma, breast cancer, and prostate cancer [29]. These effects are
attributed to both direct inhibition of BTK in tumor cells and indirect immunomodulation
within the tumor microenvironment [29,79]. However, various investigations suggested
that acalabrutinib’s anti-tumor activity is primarily mediated through the inhibition of
BTK, which plays a crucial role in cell survival and proliferation pathways [84]. Further
studies regarding the efficacy of acalabrutinib are needed to optimize dosing strategies and
explore combination therapies that could enhance its anti-tumor effects in these settings.
Additionally, understanding the mechanisms underlying variable responses across different
tumor types will be crucial for maximizing its therapeutic potential.

5.3. Zanubrutinib

Zanubrutinib, a second-generation BTK inhibitor, has garnered attention for its ther-
apeutic potential in both cancer and aging-related conditions due to its improved speci-
ficity and reduced off-target effects compared to earlier BTK inhibitors like ibrutinib [35].
Zanubrutinib selectively inhibits BTK by binding irreversibly to the Cys481 residue in
the ATP-binding domain, effectively blocking downstream oncogenic signaling pathways
such as NF-kB and PI3K/ Akt [35,85]. Clinical studies have demonstrated zanubrutinib’s
efficacy in treating CLL and MCL [86], showing comparable or superior outcomes to ibruti-
nib [87]. For instance, zanubrutinib has a more favorable pharmacokinetic profile, leading
to sustained BTK occupancy and reduced adverse effects like atrial fibrillation [85,87].
This makes it an attractive option for patients intolerant to first-generation inhibitors. By
inhibiting BTK, zanubrutinib can reduce the production of pro-inflammatory cytokines
(e.g., IL-10, TNF-«) and modulate microRNA profiles to foster an anti-inflammatory im-
mune phenotype [88,89]. This reprogramming of the TME may enhance the efficacy of
immunotherapies and other cancer treatments [87,88].
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In addition to the inhibitors mentioned above, several BTK inhibitors currently in
development have demonstrated encouraging preliminary results. Notably, both remibruti-
nib (LOU064) [90] and pirtobrutinib (LOXO-305) [91] have shown high response rates in
clinical trials, highlighting their potential as effective therapies for patients with challenging
or refractory disease.

6. Resistance to BTK Inhibition and Challenges

BTK inhibitors have emerged as a significant challenge in the treatment of various
hematologic malignancies, including CLL and MCL [26,92,93]. This resistance can occur
through a variety of mechanisms, which may be either tumor-intrinsic or extrinsic in na-
ture [93]. Intrinsic mechanisms are primarily related to genetic mutations in the tumor cells,
while extrinsic factors involve the tumor microenvironment and interactions with surround-
ing immune cells, stromal components, and cytokines [26,93]. These mechanisms can lead
to treatment failure, making it crucial to understand and address them in clinical practice.

6.1. Tumor-Intrinsic Mechanisms of Resistance

The predominant mechanisms of resistance to BTK inhibitors involve mutations in the
BTK gene itself or in phospholipase Cy2 (PLCG2), both of which are crucial components in
the signaling pathways that BTK inhibitors target [25].

The most common mutations linked to resistance are located in the BTK kinase do-
main, particularly the C481S mutation, which occurs at the active site of the enzyme [94].
This mutation hinders the ability of covalent BTK inhibitors, such as ibrutinib, to bind and
irreversibly inhibit BTK, thus allowing the tumor cells to bypass BTK inhibition and con-
tinue proliferating [94,95]. This resistance mechanism has been well documented in clinical
studies and presents a major obstacle to the effectiveness of covalent inhibitors [94,96].

Another critical resistance mechanism involves mutations in PLCG2, a downstream
effector of BTK in the B-cell receptor (BCR) signaling pathway [97]. Mutations in PLCG2
allow tumor cells to maintain signaling even in the presence of BTK inhibition, effectively
bypassing the block in the BCR signaling cascade [25,26,93,96]. These mutations are partic-
ularly concerning because they often lead to sustained activation of pathways that promote
cell survival and proliferation, driving resistance to therapy [97,98].

The use of noncovalent BTK inhibitors can help to overcome resistance seen with
covalent BTK inhibitors, specifically the C481S mutation [96]. However, research has
shown that resistance to noncovalent BTK inhibitors can arise from mutations in the
catalytic domain of BTK [96]. Some of these mutations can be kinase dead, which prevent
inhibition of BTK through BTK inhibitors [96].

6.2. Extrinsic Mechanisms of Resistance

In addition to genetic mutations, the TME plays a crucial role in modulating resistance
to BTK inhibition [25,96,99]. Tumors are often supported by a complex network of stromal
cells, immune cells, and extracellular matrix components, which can significantly influence
the efficacy of therapeutic interventions [62,63,66,100].

One way in which the TME contributes to resistance is through the secretion of
cytokines and growth factors that activate alternative signaling pathways [101,102]. For
example, cytokines such as IL-4 and IL-10 have been shown to activate compensatory
survival pathways in B cells, rendering them less sensitive to BIK inhibition [19]. Moreover,
interactions between tumor cells and immune cells, including T cells and macrophages,
can provide pro-survival signals that help tumors evade the effects of treatment [19,103].

BTK inhibitors are known to induce lymphocytosis in CLL patients by drawing malig-
nant cells out of their survival niches within the lymph nodes and into the circulation [104].
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BTK also appears to play a role in CD38 and CD40 signaling, though the exact nature of its
involvement in these pathways remains less well defined [105]. Studies suggest that BTK-
deficient B cells produce lower levels of IL-10 upon stimulation with TLR9 compared to
their physiological counterparts [106]. Additionally, BTK-deficient B cells respond more effi-
ciently to CpG-DNA stimulation, generating significantly higher levels of pro-inflammatory
cytokines while producing lower levels of the inhibitory cytokine IL-10 [19]. Interestingly;,
these BTK-deficient cells also express higher levels of TLR9 when compared with normal B
cells [106]. Moreover, the activation of the PI3K/mTOR/ Akt pathway and NF«B pathway,
and upregulation of chemokine or integrin signaling, contribute to resistance [107]. These
findings highlight the complex role of the TME in modulating BTK inhibition resistance
and underscore the need for further investigation into these extrinsic mechanisms.

6.3. BTK Degraders

PROTAC S (proteolysis-targeting chimeras) represent a significant advancement in
overcoming resistance issues associated with traditional BTK inhibitors, which leverages the
ubiquitin-proteasome system (UPS) to degrade BTK [108]. In this context, BGB-16673 [108]
and NX-5948 [109] have been developed to promote the degradation of BTK protein,
bypassing multiple resistance mechanisms and enhancing drug efficacy. These degraders
show high response rates in CLL and small lymphocytic lymphoma (SLL), effectively
overcoming BTK inhibitor resistance mutations [110].

7. The Role of BTK in Aging

BTK has emerged as a key regulator in aging-related processes, particularly through
its role in the accumulation of senescent cells and cognitive decline [15]. It is involved
in cellular stress responses and its dysregulation is implicated in various age-related
conditions [15,16]. One of the main pathways through which BTK contributes to aging is
its modulation of the tumor suppressor protein p53 [2,16]. BTK phosphorylates both p53
and its negative regulator, MDM2, thereby enhancing p53 activity [1,3]. This promotes
cellular senescence, a state where cells permanently exit the cell cycle, contributing over
time to tissue dysfunction and inflammation [16,111] (Figure 1).

Blocking BTK impairs p53-induced senescence, suggesting that BIK inhibition may
slow aging by reducing senescent cell accumulation [15,16]. Ibrutinib, a selective BTK
inhibitor, has shown promise in animal models of premature aging. It extends the lifespan
of progeroid mice, mitigates age-related physical decline, and preserves cognitive functions
such as spatial memory and reduced anxiety-like behavior [15]. These cognitive benefits
are associated with decreased expression of senescence markers in the brain, indicating
reduced neurodegeneration [15].

BTK expression increases with age in multiple tissues, including the brain, and cor-
relates with elevated levels of p16, a senescence marker [15]. This suggests that the brain
may be particularly responsive to BTK inhibition in the context of aging [15]. Furthermore,
increased BTK has also been linked to brain injury, reinforcing its role in brain aging [15].

Human aging is accompanied by chronic, low-grade inflammation, known as “inflam-
maging” [112]. Since BTK is involved in inflammatory signaling, it may contribute to this
process, although further research is needed to clarify its role. In summary, BTK contributes
to aging by enhancing p53-driven senescence and possibly through promoting inflam-
mation. Inhibiting BTK may offer a therapeutic strategy to delay aging-related decline,
particularly in preserving brain function and reducing the burden of senescent cells.
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BTK

Stability
Activity -

Cellular Senescence
Apoptosis

Figure 1. The role of BTK in p53 and MDM2 modulation. BTK regulates p53 and MDM?2 activity
through phosphorylation. MDM2 typically downregulates p53 activity and stability by promoting
its ubiquitination. However, phosphorylation of MDM2 by BTK impedes its negative effect on p53.
Additionally, BTK-dependent phosphorylation of p53 enhances its stability and activity, ultimately
leading to the induction of either apoptosis or cellular senescence. P: phosphorylation, +: increase,
-: reduction.

8. Conclusions

BTK plays a pivotal role in both aging and cancer by regulating cellular senescence,
immune responses, and tumor progression (Figure 2). In cancers—including B-cell ma-
lignancies like CLL and NHL, as well as solid tumors such as CRC and NSCLC—BTK
dysregulation promotes malignant cell survival, tumor growth, and therapy resistance.
BTK inhibitors have significantly enhanced clinical outcomes, expanding treatment op-
tions. Beyond tumor-intrinsic signaling, BTK also shapes the tumor microenvironment and
angiogenesis, highlighting its broader therapeutic potential in curbing tumor progression
and metastasis. Regarding aging, BTK influences the p53 pathway and cellular stress
responses, driving senescence and age-associated disorders. BIK inhibition, particularly
with agents like ibrutinib, has shown promise in slowing age-related decline, preserving
cognitive function, and reducing tissue damage. To overcome resistance to conventional
BTK inhibitors, innovative approaches such as proteolysis-targeting chimeras (PROTACs)
have emerged. These compounds promote BTK degradation via the ubiquitin—proteasome
system, enhancing efficacy in resistant cases. Notable examples include degraders like
BGB-16673 and NX-5948, alongside next-generation inhibitors such as remibrutinib and
pirtobrutinib, which have demonstrated effectiveness in relapsed or refractory patients.
Overall, BTK remains a highly attractive therapeutic target for cancer and aging-related
conditions. Ongoing research is crucial to optimize these therapies, tackle resistance, and
ensure their long-term safety and effectiveness.
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Figure 2. The impact of BTK on cancer and aging. BTK plays a crucial role in the progression of cancer,
including both hematological malignancies and solid tumors, primarily through its involvement
in the tumor microenvironment and angiogenesis. Similarly, BTK contributes to aging, mainly
by promoting cellular senescence and cognitive decline. Additionally, BTK may be implicated in
inflammaging, a process that plays a critical role in the aging process. Both of these BTK-mediated
activities can be inhibited by BTK inhibitors such as ibrutinib, acalabrutinib, and zanubrutinib.
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